Abstract. We have undertaken a comprehensive search for 5-cm excited OH maser emission from evolved stars representative of various stages of late stellar evolution. Observed sources were selected from known 18-cm OH sources. This survey was conducted with the 100-m Effelsberg telescope to achieve high signal to noise ratio observations and a sensitivity limit of about 0.05 to 0.1 Jy. A total of 64 stellar sources were searched for both main line and satellite line emission. We confirm the previous detection of 5 cm OH in Vy 2-2, do not confirm emission from NML-Cyg and do not report any other new detection within the above sensitivity limit. Implications of these results on the pumping mechanism of the OH radical in circumstellar envelopes are briefly discussed.
Introduction
Emission from the first two rotationally excited states of OH was first discovered by Zuckerman et al. (1968) and Yen et al. (1969) for the 2 Π 1/2 , J = 1/2 and 2 Π 3/2 , J = 5/2 states, respectively. The 2 Π 3/2 , J = 5/2 state of OH lies immediately above the ground-state and gives rise to four hyperfine transitions, with the F = 3 − 3 and 2 − 2 main lines at 6035.092 and 6030.747 MHz and the F = 3−2 and 2−3 satellite lines at 6049.084 and 6016.746 MHz, respectively (Fig. 1) . The theoretical treatment of OH excitation in star-forming regions has progressed significantly in recent years (see Cesaroni & Walmsley, 1991; Gray et al., 1992; Pavlakis & Kylafis, 1996) , and good predictions of relative OH line intensities can be made on the basis of these models, which show the importance of multiline studies. In the circumstellar environment of late-type stars the model developed by Elitzur et al. (1976) successfully explains the excitation of strong 1612 MHz emission. This results from a cascade of the OH population down to the J=1/2 and 3/2 states after far infrared photons at 34.6 micron and 53.3 micron (see Figure 1 ) have excited the OH to the 2 Π 1/2 , J = 5/2 and 3/2 states. There are enough far infrared photons to excite the 1612 MHz line (e.g. Epchtein et al., 1980) . However, it is only recently that the direct detection of the 34.6 microns absorption line has been reported with the ISO telescope Send offprint requests to: J.-F. Desmurs toward IRC+10420 (see Sylvester et al., 1997) . Besides the conspicuous 1612 MHz line emission, 18 cm main line emission is often observed in late-type stars. Conditions for this emission are carefully investigated in the work of Collison & Nedoluha (1994 , 1995 and we discuss later in this work the implication of their excitation mechanism for the J=5/2 state of OH.
The main goal of the present observations was to survey the 5cm Λ doublet lines of OH in a number of stars ranging from typical Miras to OH/IR objects or pre-planetary nebulae. These stars sample various late stages of stellar evolution. In addition, observations of the 2 Π 3/2 , J = 5/2 state lying immediately above the groundstate provide a critical test for OH excitation models.
These observations and our results obtained in 64 sources are presented in Sects. 2 and 3. Some OH properties of selected stars are also presented in Sect. 3. In Sect. 4 we discuss stellar OH pumping schemes and variability of OH main line emission sources in the light of our results.
Observations
Observations were made with the 100-m antenna at Effelsberg 1 in December 1999. We used a cooled HEMT The energy level diagram for the 2 Π 3/2 and 2 Π 1/2 ladders of OH. Λ doubling (not to scale) and parities are shown in each case. Transitions between the F = 3 and 2 hyperfine levels, for 2 Π 3/2 , J = 5/2, give rise to the four 6 GHz lines dual-channel receiver connected to only one sense of polarization, Left Circular Polarization (LCP ). The system temperature was ≈ 60 K (T mb ) including ground pick up and sky noise. We used a position switching observing mode with the reference position offset by 600" in longitude from the source position (the half-power beamwidth of the telescope at 6 GHz is 130"). The new auto-correlator AK90 was split into 2 bands of 20 MHz each thus allowing us to simultaneously observe the 2 main lines and the two satellites lines of the J=5/2 state. There were 4096 channels per band giving a channel separation of 4.9 kHz and thus an effective spectral velocity resolution of 0.29 km s −1 . Proper functioning of the system was checked by observations of the strong 5cm OH emission from the two compact HII regions W3(OH) and ON1 (see Table 1 ). Calibration of the data followed the procedure used in the 6 GHz survey of star-forming regions made by Baudry et al. (1997) . OH spectra were calibrated in terms of the noise source coupled to one polarization channel and the flux density scale was determined by observations of NGC 7027 (Ott et al., 1994) . The noise tube was calibrated in Jy assuming that the 6 GHz flux density of NGC7027 was 5.9 Jy. We estimate that the flux density scale uncertainty is within 10%. All spectra were calibrated in terms of single polarization flux densities. This is one-half of the two polarization flux density. For possible 5 cm radio interference, we proceeded as in Baudry et al. (1997) .
Our input catalog is listed in Table 1 . It is based on 18 cm OH data. We selected sources which clearly exhibit the 1612 MHz satellite line and/or the 1665/1667 main lines. By these means we obtained targets with noticeable amounts of OH molecules and IR photons, that are not excessively distant in order to be detected.
The sources are essentially OH Miras with thin or moderately thick envelopes, and thick OH/IR objects. Bright Miras with both satellite and main lines were selected, from the Sivagnanam et al. (1988) comprehensive OH survey of the 1-kpc solar neighborhood. Most of them are also known as 22 GHz water maser sources. From the David et al. (1993) Nançay survey of OH/IR objects, we retained bright 1612 MHz sources with detected 1667 MHz emission. Targets have been chosen in order to sample objects lying along the sequence drawn by evolved stars in the IRAS two-color diagram (see Fig. 2 ). They mostly belong to the AGB. This sequence of envelope thicknesses is thought to reflect various evolutionary stages, and a certain initial mass distribution. Given our selection criteria we favored the best candidate stars for showing OH maser emission i.e. the nearby OH/IR stars with high luminosity and large amounts of dust and infrared photons.
We also included in our survey a few typical SemiRegular variables, Proto-Planetary Nebulae (PPN), and Planetary Nebulae (PN), that are thought to be linked to the same evolutionary tracks. We added some red Supergiants (SG). The latter are luminous massive stars that are not on the AGB, but which usually present somewhat similar circumstellar envelopes. In our input catalog are NML Cyg (SG) and Vy 2-2 (PN), for which tentative detections at 5 cm have been reported in the literature.
Results

Previous Surveys
Previous attempts made to search for excited OH from circumstellar envelopes gave only negative or controversial results with the exception of one object. As far as we are aware only a few searches for J=1/2 and 5/2 OH emission at 4.7 and 6 GHz from stars have been undertaken (see Thacker et al., 1970; Zuckerman et al., 1972; Baudry, 1974; Claussen & Fix, 1981; Jewell et al., 1985) . The latter work was the most sensitive search for excited OH from stars yet performed. Zuckerman et al. (1972) reported weak 6035 MHz ( 2 Π 3/2 , J = 5/2) emission from NML Cyg and Claussen & Fix (1981) reported weak 4751 MHz ( 2 Π 1/2 , J = 1/2) emission from AU Gem. However, both detections were not confirmed by Jewell et al. (1985) . On the other hand, Jewell et al., reported weak 6035 MHz maser emission from the planetary nebula Vy 2-2 appearing at the same velocity, -62km s −1 , as the peak 1612 MHz maser emission detected by Davis et al. (1979) .
New Effelsberg survey
In Table 1 , we list the 64 late type stars observed by us. For all sources, the velocity range of search for emission is given (with the systemic velocity in parenthesis), together with the sensitivity limit achieved in our new survey at 3σ. The average noise level reached in our survey is (at 3σ with a channel width of 0.29 km s −1 ) around 80 mJy ; in comparison, Jewell et al. (1985) have reached about 230 mJy (with a channel width of 0.06 km s −1 ). Of the 64 sources observed, no one exhibits a clear emission or absorption signal. There are however two sources with tentative detections, NML Cyg (see Fig. 3 ) and Vy 2-2 (Fig. 4) . For NML Cyg, we reached a sensitivity of 20 mJy (at 3σ level) over the observed LSR velocity range. The 0.8 K (2.2Jy) signal reported by Zuckerman et al. (1972) and lying close to +5 km s −1 , would have been easily detected by us. However, we can not exclude that the emission varies with time. The tentative feature at about -17 km s −1 (Fig. 4) is only detected at a ∼3σ level and is therefore not convincing, but we note that 1612 MHz line emission at -18 km s −1 has been reported previously (see e.g. Engels, 1979) .
The case of Vy 2-2 is different. With an integrated intensity of ∼48 mJy km s −1 , we have obtained a 6σ detection. Only the F=3-3 maser line transition lying at 6035 MHz was detected. No absorption or emission can be observed for the other transitions. Fig. 4 shows the observed 6035 MHz spectrum. The parameters and uncertainties (1σ) of Gaussian fits to the detected features are displayed in Table 2 . The derived apparent luminosity is 1.1 Jy km s −1 kpc 2 (assuming a distance of 3.8kpc, Bensby & Lundström, 2001 ). The lack of F=2-2 emission 3 and the narrow F=3-3 linewidth suggest that the observed F=3-3 line results from a maser process. However, only interferometric observation could give a definitive proof of it.
This detection is consistent with the results of Jewell et al. (1985) who observed maser emission at nearly the same velocity (∼ -62.3 km s −1 ) and with about the same line width (∼1.5 km s −1 ) but with a peak flux intensity four times stronger (0.15 Jy). The presence of the two features (Fig.4) is likely real. After splitting our data in two equal parts, the same two components appear. In another data reduction test, we have degraded our spectral resolution. This yields one single feature with a line width of ∼2.5 km s −1 , i.e. twice the line width observed by Jewell et al., centered around -62.3 km s −1 . Our observations and data reduction confirm long term OH emission from Vy2-2.
Vy 2-2
As is the case for other Galactic planetary nebulae, the distance to Vy 2-2 (G045.4-02.7) is poorly known. Previous attempts to determine the distance have resulted in a wide range of estimates. Those estimates put this object from 1.9 kpc (see Acker , 1978) based on an optical calibration to a kinematic distance of 20 kpc (Davis et al., 1979) . The most recent estimate, based on a compilation of previous measurements (see Bensby & Lundström, 2001 ) gives a distance of 3.8 kpc. Vy 2-2 is a source of free-free radio continuum radiation and dust-type infrared emission. VLA maps show a slightly elongated continuum source (Seaquist & Davis, 1983) . The continuum emission originates from a compact (diameter∼0.5") and narrow (thickness ∼< 0."12) shell of ionized gas. This ionized region is surrounded by an extended halo of over 25" in radius, detected through its Hα line emission (see Miranda & Solf, 1991) . From the visibility analysis, Christianto & Seaquist (1998) estimate an angular expansion of 1.13±0.12 mas/yr −1 . This would give for a distance of 3.8 kpc an expansion velocity of about 20km/s, in contradiction with the expansion velocity of 6 km s −1 measured by Miranda & Solf (1991) in the equatorial plane and qualified to be slow. Taking a systemic velocity for the source of -44.3±1.0km s −1 (tentative detection of Knapp & Morris, 1985) this would give a blue-shifted velocity for the OH maser of about 20 km s −1 . The inferred expansion velocity is then in good agreement with the value derived by Christianto & Seaquist (1998) for a distance of 3.8 kpc. The kinematic age of the nebula they derived is 213 years and supports the conclusion that this object is a very young planetary nebula. The temperature of the central star is estimated to be greater than 35000K (see Fig. 4 . 6035 MHz OH spectrum obtained in Dec 1999 from Vy 2-2. The line intensity is in Jy for single polarization, the rms at 1σ is ∼6mJy. Fig. 5 . IRAS 60 µm versus the OH 6035 MHz 3σ flux density limit (channel 0.25 km/s). The filled triangle corresponds to the only detection in our sample, Vy2-2, the detected flux is given. Zijlstra et al., 1989; Clegg & Walsh, 1989) . The dust color temperature was estimated by Cohen & Barlow (1974) to be less than 190K. Jewell et al. (1985) and Cohen et al. (1991) searched without success for 2 Π 1/2 , J = 1/2 maser emission (down to a 3σ limit of ∼0.25Jy). The 1612 MHz maser emission, the only ground-state maser transition observed, was first detected by Davis et al. (1979) . Seaquist & Davis (1983) located the maser at the front edge of the ionized shell, coincident with a shock front and an ionization front, placing the OH maser on the near side of the expanding shell and thus providing an explanation for the blue-shifted maser feature. This is consistent with the fact that OH molecules are effectively produced in the outer parts of circumstellar envelopes due to photoionization of H 2 O by interstellar UV photons. The typical abundance for OH molecules relative to H 2 is about 10 −5 and HST observations (see Sahai & Trauger, 1998) show a compact bright bipolar source expanding along an axis roughly orthogonal to the bipolar axis. Despite the fact that almost all planetary nebulae appear optically thin at 5GHz, Vy 2-2 is optically thick (see Purton et al., 1982) .
Implications on Pumping Schemes
There exist two main ways to invert the 5cm maser transition, (1) by radiative pumping of far infrared (FIR) photons or (2) by collisions with H 2 molecules (in combination with local and non-local line overlap). Chemical pumping does not seem applicable and interstellar UV photons are only responsible for the dissociation of H 2 O molecules in the outer part of the circumstellar envelope to produce OH (the contribution of stellar UV photons is negligible except perhaps for the innermost= regions of the envelope).
About the ground-state masers
Theoretical studies of the pumping mechanism of the 18cm OH lines are quite advanced. The absorption of FIR photons at 34.6 µm and 53.3 µm excites the OH from the ground state to the 2 Π 1/2 ladder. Subsequent cascading of the populations through the J=1/2 and J=3/2 levels inverts the J=3/2 ground state (Elitzur et al., 1976) . This scheme explains rather well the strong 1612 MHz line and essentially avoids the 2 Π 3/2 ladder (Davis et al., 1979) . Therefore, in circumstellar regions where 1612 MHz is strong and the above mechanism prevails one should not expect to detect 5 cm OH emission.
However, the pump cycle may differ in inner layers where highly excited lines are expected to be found. Moreover, Collison & Nedoluha (1994 , 1995 argue that FIR line overlaps are also important to enhance the 1612 MHz line and may even be the primary inverting scheme for the 1612 MHz line in not too optically thick OH envelopes. In the latter case overlaps at 120 µm are important and populating the J=5/2 level is essential. Collison & Nedoluha (1994) argue that FIR line overlaps alone cannot explain the main-line masers in stars (contrary to earlier models) and that near infrared (NIR) overlap ef- The most recent model published on OH masers in circumstellar envelopes (see Thai-Q-Tung et al., 1998) treats only the ground-state excitation and considers two models. The first one is with line overlapping limited by a Doppler shift of 2km s −1 and the other one with large overlapping (up to the expansion velocity). In both models the 1612MHz appears much stronger than the other ground state lines by a factor 10 2 to 10 3 . They found that the pumping based on FIR hyperfine line overlapping is much smaller in the second case. They suggest that FIR line overlapping occurs inside clumps (small Doppler shift) of circumstellar envelopes (this idea was also invoked by Collison and Nedoluha) , but no prediction is made about the excited state. Only the recent work of Pavlakis & Kylafis (1996 , 2000 studied excited OH maser emission but only in the case of massive star forming regions.
Modeling the detected maser emission in Vy 2-2 at 1612 and 6035 MHz is a challenge. The particular nature of the source, a very young proto planetary nebulae, may certainly be a clue. The fact that two masers are observed at the same LSR velocity (-62 km s −1 ) argues in favor of their spatial association. In such a case they would both originate from the thin ionization shell presenting similar conditions as in HII regions. Within this context, PPN shells may be characterized by particularly high densities and long path lengths for coherent amplification that have to be taken into account.
Infrared pumping ?
Excitation of the OH radical results from complex competitive schemes involving both collisional and radiative pumping as well as line overlap effects that are correlated with the velocity field in the OH medium and local line broadening. The 5 cm OH lines arise from energy levels 84 cm −1 above the ground-state and we therefore expect that FIR photons around 100 µm are involved in the OH pumping cycle. To evaluate the possibility of a pumping scheme based only on IR photons, Fig. 5 compares the IRAS flux at 60 µm and the lower limits of OH emission at 6GHz, assuming that the ratio between the radio solid angle and the IR solid angle is ≈ 1. Fig. 5 shows that the number of FIR photons largely exceeds the emitted radio photons. Baudry et al. (1997) reached a similar conclusion for compact HII regions but in that case many 5 cm OH masers could be detected. From this we conclude that in stellar envelopes the OH pumping mechanism is different from that in massive star forming regions and that the available FIR radiation is unlikely to work as a pump for this maser. Moreover as the envelopes are dense, it is possible that even if the IR pumping were efficient, collisions could effectively quench the OH maser emission.
Conclusion
We have observed an extensive sample of OH/IR stars and late-type variables. Except for one atypical source (Vy 2-2) no excited OH maser has been detected. We do not confirm the tentative detection of NML Cyg. Only the blue shifted emission is detected in Vy 2-2 for which we have discussed briefly the morphology and OH production. The absence of detectable excited emission at 5cm (except the unique object Vy 2-2) tends to argue in favor of a pumping scheme based essentially on the absorption of 35 and 53 µm photons. In the case of Vy 2-2 the ionization shell from where the maser emission seems to originate, may present physical conditions (shock, higher temperature and density) similar to those prevailing in HII regions. A hybrid pumping model applying to both OH/IR stars and HII regions or even a pumping scheme similar to OH maser emission in massive star forming regions may be successful. It is interesting to note that no absorption at 35 and 53 µm can be seen for this source in ISO observations. Interferometric observations are needed to spatially determine the likely related positions of the 1612 and 6035 MHz maser emission in Vy 2-2.
